Abstract At present there is still no final theory explaining the bulking of activated sludge. Previous investigations showed that the sludge settling properties become better and more stable when more plug flow conditions are implemented in wastewater treatment plants for biological nutrient removal. In this research the effect of the process configuration (4 wwtp with fully biological nutrient removal) on the sludge settling properties has been investigated. The results show that a separate anoxic reactor can not avoid the presence of LCFA for the growth of M. parvicella in the anaerobic reactor. A SVI < 120 ml/g could be achieved by: implementation of a separate anoxic reactor with plug flow conditions, introducing of a strictly anaerobic reactor (UCT-modification), implementation of an extra anoxic/aerobic reactor, maintaining a high oxygen concentration (> 1.5 mg/l) and creating a low ammonium concentration (< 1 mg/l) in the aerobic reactor.
Introduction
Bulking sludge (Sludge Volume Index > 150 ml/g) is unfortunately a known phenomenon that can occur in wastewater treatment plants (wwtp). Although several causes have been observed, at present there is still no final theory explaining the bulking of activated sludge. Oxygen deficiency, the use of completely mixed systems and the presence of volatile fatty acids and long chain fatty acids are the most commonly indicated causes for bulking sludge. Prior to the introduction of biological nutrient removal in wwtp, it appeared that by introduction of a selector (Rensink and Donker, 1991; Wanner, 1994, i. e. a floc loading and the contact time of about 100 mg COD.g MLSS-1.h-1 and 10-20 minutes, respectively) the problems of sludge bulking could be solved. Following the demands for more stringent effluent requirements for wwtp, in the early nineties, biological nutrient removal was introduced in The Netherlands. This introduction of biological nutrient removal did in general result in a structural increase in the population of filamentous bacteria in the sludge. The most important filamentous bacterium was M. parvicella. It has been found that M. parvicella cannot be controlled sufficiently with the conventional selectors. In the eighties it was already observed that M. parvicella need long chain fatty acids (LCFA) such as oleic acid and ammonium in order to grow (Slijkhuis, 1983) . Further investigations showed that the sludge settling properties become better and more stable when more plug flow conditions are implemented in a biological nutrient removal system (STOWA, 1988; STOWA, 1993; STOWA, 1994; Eikelboom and Andreasen, 1995) . It appears that in a wwtp with biological nutrient removal an anaerobic reactor in itself does not guarantee a low SVI. On the contrary, stimulation of M. parvicella may occur. When in a wwtp an extra anoxic reactor is placed after the anaerobic reactor better plug flow conditions are introduced; massive growth of M. parvicella may then be prevented (Reitsma and Flameling, 1999) . The combination of anaerobic-anoxic reactors has been implemented in the Phoredox, Bardenpho and BCFS ® process. These configurations have been adopted widely in The Netherlands in the nineties. Based on these latest developments Royal Haskoning has set up monitoring research with the objective to investigate the need for a separate anoxic reactor to guarantee good sludge settling properties, and to define guidelines for the reactor configuration to prevent a significant growth of M. parvicella in The Netherlands. The benefits of this research could be lower investments for the secondary clarifiers thanks to a lower design SVI or upgrading the biological capacity without extension.
Materials and methods
In this research the effect of the process configuration on the sludge settling properties was studied in four wwtp treating domestic wastewater. All the wwtp have a fully biological nutrient removal. The schematic layouts of the water lines of the wwtp are given in Figure  1 . The most important design criteria are given in Table 1 .
The four selected wwtp were followed during one year in which four times a measuring campaign lasting two days was performed. The effect of temperature, contact time, and process configuration on the kinetics of substrate uptake, especiallly SCFA (C2-C5) an LCFA (C16-C18), nitrogen and phosphorus conversion processes and the formation or consumption of PHB were monitored in the anaerobic, anoxic and aerobic reactors of the wwtp. For the characterisation of the influent and effluent both 24-h flow proportional sample and grab samples (three times a day) were taken. From the sludge-water streams of the inlet and outlet of the different reactors only grab samples are monitored. The sampling of the outlet of the process reactors was carried out considering the actual retention time of the process unit concerned.
The analysis for MLSS, COD, COD filtered (0.45 µm), BOD and N-and P-components and SVI were executed according to the international standards. The SCFA of the liquid and LCFA of the sludge water were respectively direct and indirectly (ISO 5509) analysed by gas chromatography. The polyhydroxy butyric acid (PHB) of the biomass was analysed as discribed by Smolders (1995) . Sludge samples were also taken for a Fluorescent in situ Hybridisation (FISH) for the characterisation and counting of M. parvicella as described by Wagner et al. (1994) .
Results and discussion

General
All wwtp produced the whole year the same excellent effluent quality; P < 1 mg/l and N < 10 mg/l, despite the differences in the influent composition and process temperature (10-20°C). Apparently, for wwtp in The Netherlands with a sludge loading of about 0.03-0.04 kg BOD/kg MLSS.d the configuration for nutrient removal has no significant influence on the effluent quality. 
Course of SVI
The course of the SVI for all wwtp is shown in Figure 2 . As expected, the SVIs of all wwtp have a very distinct seasonal pattern. In the summer the SVI is low, during the autumn the SVI gradually increases and the highest level is reached in winter and early spring. Thereby high SVI values (> 150 ml/g) were only observed in the wwtp Papendrecht (no separate anoxic reactor). In the sludge of the wwtp Papendrecht and Groesbeek a relatively high number of M. parvicella was present during the year (up to 500 m/ml). For the wwtp Alphen and Hardenberg M. parvicella were only observed in the wintertime. In all wwtp the best SVI and the lowest number of M. parvicella were found during the autumn period (0-40 m/ml). All wwtp have a required total anoxic sludge fraction of 35-40%, so on first sight the negative influence of a large anoxic fraction on the settling properties can be disclosed (Casey, 1995 (Casey, -2000 . Apparently, the configuration of the wwtp has a significant effect on the sludge settling properties.
Course of COD soluble and PHB-content
The course of COD soluble in the different reactors of the four wwtp is shown in Figure 3 . In Figure 3 it is seen that already in the first reactor almost the effluent COD value is reached and there are no seasonal effects. The floc loading based on raw influent COD and soluble COD of the first reactor varied from 50-125 g COD/kg MLSS.d. The biosorption was the highest in wwtp Groesbeek and wwtp Hardenberg with values over 80%. The biosorption Table 2 shows the PHB content in the recycle sludge. From the PHB values in Table 2 it can be seen that at the end of the wwtp all storage polymers have been used by the biomass. The observed values ranging from 0.2 to 0.4% are of the same order as observed by Helmer (1994) .
Both the COD and PHB results show that the first reactors of all wwtp are in good compliance with the design criteria for selectors (Wanner, 1994; STOWA, 1994) . The floc loading is in the good range; the biosorption is good and the sludge that is led to the first reactor is sufficiently regenerated. Considering the proper function of the first reactor for all wwtp it is observed that the SVI in Papendrecht is structurally higher than in the other wwtp. To explain this difference the features of LCFA and ammonium are important.
The course of LCFA
The course of LCFA for the four wwtp is given in Figure 4 . The concentrations of LCFA in the different wwtp showed a significant variation. These variations and the measured range are in accordance with observations made by others (Quémenuer and Marty, 1994) . The concentrations of the LCFA are in the range of 10-80 mg COD/l. The concentrations are the highest at the WWTP Hardenberg but no extra proliferation of M. parvicella occurred. On the contrary it has the lowest SVI. It can be seen that LCFA concentration in the inlet of Jan-9 9 Apr-9 9 Jun-9 9 Sep-9 9 Dec-9 9 M ar-0 0 Jun-0 0 SV I (ml/g) Figure 2 The course of the SVI 
The course of ammonium
The course of ammonium for the four wwtp is given in Figure 5 . It can be seen that the ammonium levels in all reactors of the wwtp varied from 5-10 mg/l. The effluent concentrations of the wwtp Alphen and Hardenberg are the whole year lower than 1 mg/l; these plants have the lowest SVI. The effluent concentration of the wwtp Groesbeek and Papendrecht are 2 mg/l or more; these plants have a higher maximum SVI. Slijkhuis (1983 Slijkhuis ( , 1984 pointed out that for the growth of M. Parvicella the presence of LCFA, low oxygen concentrations and ammonium is necessary. So the presence of a certain amount of ammonium could be a decisive factor. Unfortunately Slijkhuis didn't focus on the minimum required ammonium concentration. Gabb et al. (1988) showed that in systems with a continuous aeration (O 2 > 2 mg/l), independently of the presence of a selector, a sludge with good settling properties could be created (SVI < 100 ml/g) whereas M. parvicella disappeared. The ammonium-concentration in his reasearch was near 0 mg/l. However the required ammonium concentration of < 1 mg/l could also be a derivative of the required oxygen concentration. From this point of view preventing bulking sludge is just following conventional criteria such as the right partition of the process reactor, based on biological functions, with the required oxygen concentrations.
Summary
The most important results of this research in summary are given in Table 3 . From the results it can be derived that to maintain a low SVI < 120 ml/g the following measures must be taken: 1. introduce an anoxic reactor with plug flow conditions; 2. introduce of a strictly anaerobic reactor (UCT-configuration); 3. introduce, dependently of the BOD/N-ratio, an anoxic/aerobic reactor to increase the plug flow conditions; 4. maintain high oxygen concentrations (> 1.5 mg/l) in the last aerobic reactor. Based on the results given above, relevant theories and the performance of Dutch wwtp STOWA recommends using a SVI of 120 ml/g as a design value for wwtp with fully biological nutrient removal if the above mentioned measures are implemented.
Conclusions
The main conclusions of this research are as follow. 1. A separate anoxic reactor is necessary to create sludge with good settling properties (SVI < 150 ml/g). A configuration with fully simultaneous denitrification and nitrification leads to bulking sludge (SVI > 150 ml/g). 2. The implementation of a separate anoxic reactor did not lead to a complete conversion of LCFA in this reactor. The LCFA-concentration (dissolved and adsorbed) in the inlet of the aerobic reactor of the configurations with and without a separate anoxic reactor are comparable. This means that in principle LCFA is always available for the growth of M. parvicella. 3. A SVI < 120 ml/g can be achieved by: implementation of a separate anoxic reactor with plug flow conditions, introduction of a strictly anaerobic reactor (UCT-modification), implementation of an extra anoxic/aerobic reactor, maintaining a high oxygen concentration (> 1.5 mg/l) and creating a low ammonium concentration (< 1 mg/l) in the aerobic reactor.
With the above conclusions a suitable explanation for the occurrence of bulking sludge, especially M. parvicella, in the treatment of domestic wastewater with biological nutrient removal can be given.
